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In Brief
Wang et al. show that transcriptional
silencing in yeast is effective only against
genes otherwise activated by weak
activators. Increased nucleosome
‘‘avidities,’’ conferred by recruited Sir
proteins, explain this effect. They suggest
that similar mechanisms may apply to
silencing (e.g., by HP1 or Polycomb) in
higher organisms as well.
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A classical example of ‘‘transcriptional silencing’’ is
found in the yeast S. cerevisiae mating-type switch
[1, 2]. The gene pairs a1/a2 and a1/a2, positioned
at the loci HMR and HML, respectively, are silenced
by Sir proteins recruited by proteins that bind sites
flanking each locus. Transfer of either gene pair to
the Sir-freeMAT locus, or mutation of the Sirs, allows
expression of those genes at levels sufficient to fos-
ter yeast mating. Here we confirm that, in the
absence of Sirs, a1 and a2 at HMR are expressed
at low levels [3]. This level is low because, we
show, the relevant transcriptional activators, which
work from regulatory sites located between the
divergently transcribed genes, are weak. That prop-
erty—weak activation—is a prerequisite for effective
silencing upon recruitment of Sirs. We use our quan-
titative nucleosome occupancy assay to show that
Sirs (which bind nucleosomes) increase the avidities
with which those nucleosomes form at the pro-
moters. That increase can account for at least part
of the repressive effects of the Sirs and can explain
why silencing is effective in countering weak activa-
tion only. We suggest that ‘‘silencing’’ in higher eu-
karyotes (e.g., by Polycomb or HP1) follows similar
rules [4, 5] and note where such effects could be
important.
RESULTS
Genes a1 and a2, Transcribed at Low Levels in the
Absence of Sir-Mediated Repression, Are Efficiently
Repressed by Sirs
To analyze regulation of a1/a2 at HMR, we created three strains,
all deleted forMAT and for HML.One of these (A) bears the wild-
type HMR containing intact a1/a2; in another (B), the a1/a2 inter-
genic region was replaced with corresponding sequences from
the GAL1/10 locus; and in the third (C), a UASg was inserted
into the a1/a2 intergenic region (see Figure 1A). We measured
a1mRNA in the presence or absence of Sirs and, in some cases,
in the presence of Gal4.
Figure 1B shows the effects of deleting SIR2 on a1 transcrip-
tion at HMR, as illustrated in Figure 1A. Similar results wereCurrent Biology 25, 12obtained for a2 (not shown). For the experiments of lines 3 and
5, Gal4 was present andwas active as ensured by growth of cells
in 1% galactose. A comparison of the mRNA produced from Sir+
and Sir strains fromwild-typeHMR reveals that the Sirs repress
transcription some 300- to 400-fold (line 1). The activator(s),
which ordinarily works on a1/a2 in the absence of Sirs (or when
the locus is at MAT), binds regulatory sites between the diver-
gently transcribed genes. Thus, replacing the entire intergenic
region with its counterpart from the GAL locus, and in the
absence of Gal4, eliminates the low level of transcription of a1
at wild-type HMR in a Sir strain (line 2). Experiments of others
[6, 7] have suggested that, similarly, a1/a2 are activated by acti-
vators working from the corresponding intergenic region.
In the absence of Sirs, strongly active Gal4 (i.e. in 1% galac-
tose), working from a UASg lying between a1 and a2, increases
a1 transcription some 50-fold above that expressed from
wild-type HMR in the absence of Sirs (compare Sir columns,
line 3 and line 1). This Gal4-activated transcription was reduced
only slightly by Sirs (line 3), a result that holds independent
of the identities of the promoters (a1/a2 or GAL1/10) of the
a1/a2 genes (compare lines 3 and 5). As a further control, we
found that insertion of a UASg in the a1/a2 intergenic region
had no effect on the ordinary regulation of a1/a2 (compare
lines 1 and 4).
In sum, absent Sirs, weak activators bind the a1/a2 intergenic
region and elicit a low level of transcription. The effect of those
weak activators is efficiently countered by the Sirs, which
repress that transcription some 300- to 400-fold. But the Sirs
have little effect on the much-stronger (ca. 50-fold) activation
by Gal4, a result that holds whether transcription emanates
from the wild-type a1/a2 promoters or from substituted GAL1/
10 promoters.
Sir-Mediated Silencing Is Inversely Correlated with
Activator Strength
The experiments of Figure 2 show that, as the strength of activa-
tion of a1/a2 was increased, the fold repression decreased.
Strain C of Figure 1A was used. For this experiment, the cells,
either Sir+ or Sir, expressed Gal4. As the concentration of
galactose was increased, Gal4 became (as expected) an ever
more powerful activator (Figure 2A). Figure 2B shows that, as
transcription of a1 increased in Sir cells (Figure 2A), the degree
of Sir-mediated silencing (measured as a ratio of a1 expression
in Sir to that in Sir+ cells) decreased. This negative effect
decreased from some 300- to 400-fold to less than 2-fold as
the level of unrepressed transcription was increased. Similar
results were obtained measuring a2 in these strains and for a115–1220, May 4, 2015 ª2015 Elsevier Ltd All rights reserved 1215
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Figure 1. Effect of Sirs on Transcription of a1
(A) Schematic of three HMR variants. Each HMR variant bears the divergently
transcribed genes (dotted arrows) a1/a2 flanked by silencing elements called E
and I. Wild-type HMR, designated construct A, bears wild-type regulatory
sequences including promoters for a1/a2 in the ca. 300-bp region separating
the genes. In construct B, the entire a1/a2 intergenic region (including pro-
moters) has been replaced by GAL1/10 intergenic sequences (shown in blue).
This GAL region includes the UASg (green box), which bears binding sites for
the activator Gal4. In the construct, the GAL1 promoter is attached to the a1
ORF and the GAL10 promoter to the a2 ORF. In construct C, a UASg (green
box) has been inserted midway between a1 and a2.MAT and HML were both
deleted in all cases.
(B) The three strains shown in (A), either Sir+ or Sir (deleted for SIR2), were
assayed by RT-PCR for a1mRNA after overnight growth. Cells were grown in
media containing 2% glucose, except that 1% galactose was used for the
experiments with strains B and C shown at lines 3 and 5. The level of a1mRNA
in a Sir+ strain bearing construct A (wild-type HMR) is very low but detectable
and is arbitrarily set at 1 (see line 1). In all cases, the measurements were
performed in triplicate with variations of no more than 20%.
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Figure 2. Repression by Sirs as a Function of Activator Strength
(A) ASIR2-deletionmutant bearingHMR construct C of Figure 1Awas grown in
increasing concentrations of galactose as indicated for 1 hr and a1 mRNA
assayed as previously. The experiment was also performed with a Sir+ (WT)
strain (not shown).
(B) Fold repression was calculated as the ratio between the amount of a1
mRNAs in sir2D and that inWT yeast. The experiments were done in triplicate,
and error bars denote SD.and a2 in strain B of Figure 1A (not shown). We also found, in
agreement with Chen et al. and Sekinger et al. [8, 9], that binding
of a regulatory protein (in this case, Gal4 binding to the UASg in
1% galactose) was virtually unaffected by the Sirs (not shown).
Gal4 binding to the UASg is ordinarily facilitated by a RSC
partially unwound nucleosome complex [10], and that complex
is apparently unaffected by Sirs (see below; Figure 3A).
Effects of Sirs on Nucleosome Avidity
We previously described a nucleosome occupancy assay that
measures fractional occupancy, in the population, of any given
DNA sequence by a nucleosome at any given instant [10–13].
The higher the measured occupancy, the higher the inferred1216 Current Biology 25, 1215–1220, May 4, 2015 ª2015 Elsevier Ltd‘‘avidity’’ of a nucleosome for that DNA site. Here, we use the
assay to show that Sirs increase nucleosome occupancies as
follows.
For the experiment of Figure 3A, the a1/a2 intergenic region
was replaced with GAL sequences (construct B of Figure 1A).
The cells were deleted for Gal4 and were otherwise wild-type
or Sir. These features enable us to measure the effect of Sirs
on nucleosome occupancies in the absence of activated tran-
scription (Figure 3A). In the absence of Sirs (green line), the
UASg itself is highly occupied (ca. 100%) and is flanked by
less tightly bound nucleosomes (ca. 30%–40% occupancies).
This picture is essentially identical to that observed for the
wild-typeGAL1/10 locus at its ordinary location [11]. In the pres-
ence of Sirs (blue line), nucleosomes flanking the UASg form
more avidly than in the absence of Sirs (ca. 50%–60% versus
30%–40% occupancies). Sharp hypersensitive sites flankingAll rights reserved
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D
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Figure 3. Effects of Sirs on Nucleosome
Occupancies and Nucleosome Removal
by Gal4
(A) Two yeast strains (WT and Sir for SIR2), each
bearing construct B of Figure 1A (in which the
GAL1/10 intergenic region has replaced that of
a1/a2 at HMR), were grown overnight in medium
containing 2% glucose. Nucleosome occu-
pancies were assayed as described in Bryant et al.
[11]. In all cases, the measurements were per-
formed in duplicate with variations of nomore than
15% for each point. The four Gal4-binding sites in
the UASg are indicated, as well as the deduced
disposition of flanking promoter nucleosomes.
The UASg at its wild-type location was shown to
comprise the specific binding protein RSC and a
partially unwound nucleosome, a complex that
facilitates Gal4 binding [10]. We have not probed
for any effect of Sirs on that structure.
(B–D) Cells (WT or sir2D) bearing construct B of
Figure 1Awere grown overnight in raffinose. At the
times indicated following addition of galactose
(to 1%), ChIP assays were performed using anti-
bodies against H3 (B) and Sir4 (C), and (D) a1
mRNA was measured by RT-PCR. H3 and Sir4
binding were measured at the promoter region of
a1. H3 binding is shown as fold enrichment over a
control locus in the PHO5 gene. Sir4 binding is
presented as the percentage immunoprecipi-
tated. All ChIP experiments were done in dupli-
cate, and error bars denote SD.the UASg (and separating the first two nucleosomes to the right
of the UASg in the figure), seen here in the absence of Sirs (green
line), were observed previously at the wild-type GAL1/10 locus
[11]. These sites reflect, we believe, precise positioning of nucle-
osomes as determined by a barrier effect [10, 14]. Those hy-
persensitive sites, and hence precise nucleosome positioning,
are obscured by Sirs (blue line). These results suggest, consis-
tent with the findings of others [15–19], the presence of some
folded or otherwise distorted structure at HMR conferred by
the Sirs recruited by flanking silencing elements.
Nucleosome Avidities and Removal by Gal4
We have previously shown that increasing nucleosome occu-
pancy from ca. 30%–40% to ca. 50%–60% decreased the rate
of nucleosome removal by Gal4 at the GAL locus [12]. In that
case, Sirs were not involved. Rather, the increased avidity was
created by changing the DNA sequence at a specific nucleo-Current Biology 25, 1215–1220, May 4, 2015 ªsomal site. In that experiment, the effect
of various sequential DNA changes on
nucleosome avidity was measured. As
nucleosome avidity increased, the effi-
ciency with which Gal4 removed the
nucleosome decreased.
To determine whether this rule holds
for a1/a2 at HMR, we performed the
following induction experiments with
strain B of Figure 1A. Cells, Sir+ and
Sir, were grown in raffinose (a neutral
sugar) and then galactose added to 1%.At the indicated times, we probed for a1 mRNA and for histone
H3 and Sir4 at the a1 promoter. Figure 3B shows that, in the
absence of Sirs, fully active Gal4 removed flanking promoter nu-
cleosomes (as measured by histone H3 ChIP) readily at HMR
(red bars), as it did at the GAL1/10 locus at its usual location
[11]. And, as expected, mRNA levels increased in parallel with
nucleosome removal (Figure 3D, red bars). In the presence of
Sirs, however, Gal4-induced mRNA production and nucleosome
removal proceeded more slowly (Figures 3B and 3D, blue bars).
A Sir protein (Sir4) was removed from the genes in parallel with
nucleosome removal in that experiment (Figure 3C), consistent
with results of a study of a silenced heat shock transgene [20].
Nucleosome Removal by Weak Activators at HMR
In our previous studies of highly expressed genes (one in yeast,
one in mammalian cells), we noted that one or more promoter
nucleosomes was removed and replaced by the transcriptional2015 Elsevier Ltd All rights reserved 1217
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Figure 4. Nucleosome Occupancies at the a1/a2 Intergenic Region
of Wild-Type HMR
Cells bearing construct A of Figure 1A, WT or sir2D, assayed for nucleosome
occupancy as described. In all cases, the measurements were performed in
duplicate with variations of no more than 15% for each point.machinery by the action of Gal4 in one case and by enhancer-
binding proteins in the other [11, 21]. We asked whether a similar
result would hold for a1/a2 by examining their promoter nucleo-
some occupancies at HMR in wild-type and in Sir2-deleted
strains. In this case, any effect on nucleosome occupancy would
have to be caused by the action of the ordinary weak activators
of a1/a2.
Figure 4 shows that we were unable to detect differences in
nucleosome occupancies beyond that shown in Figure 3A.
This finding is consistent with that of Kitada et al., who studied
a Sir-repressed reporter gene inserted near a yeast telomere
[22]. We do not know whether the failure to detect promoter
nucleosome removal in the experiment of Figure 4 reflects infre-
quent transcription evenly distributed throughout the population
or more-frequent transcription from a small fraction of the popu-
lation. In any case, the finding alerts us to considering levels of
expression when attempting to correlate promoter nucleosome
occupancies with transcription in a population.
DISCUSSION
Silencing in yeast mimics in various ways negative effects
imposed on genes in higher eukaryotes by factors such as
HP1 and Polycomb [4, 5]. Curiously, in yeast as well as in higher
eukaryotes, silenced genes are readily re-activated by strong
transcriptional activators. For example, the yeast activator
Gal4, ectopically expressed in Drosophila, activated a reporter
gene embedded in HP1-containing heterochromatin, provided
a Gal4-binding site had been introduced near the otherwise si-
lent gene [23]. Other activators were shown to activate genes
silenced by Polycomb or by HP1 in mammalian cells [24–26]. A
reporter gene silenced by placing it near a telomere of yeast
(a negative effect that requires Sirs) was activated by a strong
activator [27]. Moreover, in that case, it was found that the de-
gree of silencing decreased as the strength of the activator
increased. Here, we show a similar phenomenon at HMR. More-
over, we show that Sirs confer upon nucleosomes to which they
are bound increased avidities so as to decrease the rate and
extent of their removal by even a strong activator. We suggest1218 Current Biology 25, 1215–1220, May 4, 2015 ª2015 Elsevier Ltdthat the weak activators that work at HMR in the absence of
the Sirs would be efficiently countered by such an effect.
Previous experiments have shown that activator strength—the
extent to which transcription is induced—can be correlated with
the affinities of the activating regions for their targets [28–30].
Thus, a stronger activating region, tethered to DNA, will recruit
more of its target, or will do so more frequently and stably, than
will a weaker activating region. One such target (direct or indirect)
is Swi/Snf, a nucleosome remodeler, and rapid nucleosome
removal by yeast activators (including Gal4 and Pho4) was
shown to require this enzyme [11, 31–33]. It is reasonable to infer
that activators of different strengths differ in the efficiencies with
which they recruit such nucleosome-remodeling enzymes (as
well as other components of the transcriptional machinery) and
correspondingly differ in the efficiencies of activation. Should
nucleosome avidities be increased (as, for example, by binding
to Sirs in the case described here), strong activatorsmight never-
theless work well, weak ones less so or, effectively, not at all.
How does Sir binding increase nucleosome avidities? Moazed
and colleagues have argued that conformational changes in nu-
cleosomes caused by Sir (in particular Sir3) binding ‘‘clamp’’ the
nucleosome toDNA [34, 35]. Another, or perhaps additional, idea
would be that nucleosome-bound Sirs interact, simultaneously
forming folded structures and increasing nucleosome avidities.
The cooperative binding of lambda repressors to DNA sites
separated by some 3,000 base pairs—a reaction that produces
a folded structure as well as tighter-binding repressor proteins—
is an example of such an effect [36].
Silencing could be important in higher eukaryotes in various
contexts. Regulatory genes like a1/a2—e.g., Hox genes—are,
in the absence of silencing, typically expressed at relatively low
levels [3, 37–39]. Such genes could, like a1/a2, be subject to effi-
cient silencing. Perhaps the idea that weak, but not strong, acti-
vation is subject to silencing helps explain how strong activation
can be effected in stages. For example, enhancers typically do
not work on their own. Rather, they work cooperatively with
weaker activators that bind (typically) near the promoter [40].
Were the latter activators to be present constitutively, it would
be useful to prevent the weak activation that they, working
without a cooperating strong enhancer, would otherwise evoke.
Silencers such as Polycomb and HP1 would discourage this
weak activation but allow strong activation once the relevant
enhancer(s) were formed. The latter suggestion requires a nega-
tive feedback loop. Perhaps silencing factors in higher eukary-
otes are recruited by transcription per se (e.g., by interaction
with nascent RNA transcripts [41, 42] or directly with CpG island
promoters [43–45]). But effective silencing would be observed,
as for the yeast case, only if the activation was weak. And it is
possible that even small effects of silencers on strongly ex-
pressed genes could be important. In our case, we noted an
approximately 2-fold effect on Gal4-activated genes (see Fig-
ure 2B), and as is well known, 2-fold effects can be biologically
important (for dosage compensation, for example).EXPERIMENTAL PROCEDURES
Yeast Strains
All strains used here are derived fromBY4741 (MATaHMRHMLhis3D1 leu2D0
met15D0 ura3D0) obtained from EUROSCARF (European SaccharomycesAll rights reserved
cerevisiae Archive for Functional Analysis) and are described in Table S1.
MATa and HML were deleted using the PCR-based method [46]. SIR2 or
GAL4 deletion was constructed using the same method. To construct HMR
mutant strains depicted in Figure 1A, a two-step process was used [47]. In
brief, HMR sequences in yeast cells were replaced with a cassette containing
the Kanr and URA3 genes, and this cassette subsequently was replaced with
the desired mutated HMR sequences. To mutate HMR sequences, HMR was
first cloned into a plasmid, and then desiredmutationswere introduced using a
method described in Gibson et al. [48]. The sequences of the primers used for
the construction of these strains can be given upon request.
Growth Conditions
For all experiments reported, yeast cells were grown logarithmically overnight
in rich media prior to harvesting. For galactose induction experiments, cells
were grown in rich media containing 2% raffinose, and then galactose was
added to the media at a final concentration of 0.02, 0.05, 0.1, 0.2, 0.5, or
1%. Cells were harvested at indicated times following galactose addition.
Measurement of mRNA
RNA was extracted, reverse transcribed, and quantified by RT-PCR, as
described previously [12]. For cDNA measurement, primers used are 50-TTCA
GTTTATAATGGAAAGTAATTTGAC-30and 50-ATTGTTAGAAATATTTTTGTG
TAATGTATG-30 for a1 cDNA, 50-GAATGCGAGATAAACTGGTATTC-30 and
50-ATACCAAGGGCCTAGAGAATC-30 for a2 cDNA, and 50-AGCTTGGCGC
CCTGAAGAC-30 and 50-TCGGCGGCTAGAGTTTGCA-30 for RPB11 cDNA.
a1 and a2 mRNA levels were normalized to those of RPB11.
Nucleosome Occupancy Assay
Cells were harvested at OD600 0.5–0.9 and then fixed with formaldehyde at a
final concentration of 1% for 15 min. The fixing reaction was stopped by
adding glycine to a final concentration of 0.125 M. Micrococcal nuclease pro-
tection assays of chromatin were performed and nucleosome occupancies
calculated as described in Bryant et al. [11, 13]. The sequences of the
Q-PCR primers used can be given upon request.
ChIP Assay
ChIP experiments were performed essentially as described [10]. The immuno-
precipitated DNA was analyzed by qPCR. The antibodies used are anti-H3
(Abcam; ab1791) and anti-Sir4 (Santa Cruz Biotechnology; sc-6671).
SUPPLEMENTAL INFORMATION
Supplemental Information includes one table and can be found with this article
online at http://dx.doi.org/10.1016/j.cub.2015.03.004.
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